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A B S T R A C T  

An a r t i f i c i a l  g r a v i t y  experiment i s  one of several 
o p t i o n s  being considered f o r  t h e  proposed second Skylab. I n  
o r d e r  t o  o b t a i n  accep tab le  r o t a t i o n a l  dynamic behavior ,  
mod i f i ca t ions  t o  t h e  p r e s e n t  Skylab conf igu ra t ion  a r e  r e q u i r e d  
t o  m e e t  necessary  m a s s  p roper ty  r e l a t i o n s h i p s .  One p o s s i b l e  
method t o  improve mass p r o p e r t i e s  i s  t h e  a d d i t i o n  of b a l l a s t  on 
deployable  beams. Recent s imula t ions  of v e h i c l e  spin-up have 
shown t h a t  l a r g e  d e f l e c t i o n s  of t h e  b a l l a s t  beams, l ead ing  t o  
s t r u c t u r a l  f a i l u r e ,  can occur. This memorandum i n v e s t i g a t e s  
t h e  c a s e  of s t r u c t u r a l  i n s t a b i l i t y  of b a l l a s t  beams on a space- 
c r a f t  undergoing s t eady  r o t a t i o n .  F _  method of e s t i m a t i n g  b a l l a s t  
beam s t i f f n e s s  requirements  i s  presented .  Steady r o t a t i o n  imposes 
no s t i f f n e s s  requirements  on t h e  beam conf igu ra t ion  under consid- 
e r a t i o n  f o r  Skylab. 

B e a m  s t i f f n e s s  requirements f o r  s t a b i l i t y  f o r  Skylab 
arise t h e r e f o r e  from non-steady r o t a t i o n  cond i t ions .  These 
c o n d i t i o n s  are b r i e f l y  d iscussed .  
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TECHNICAL MEMORANDUM 

1 . 0  INTRODUCTION 

NI n n  UL =-+; c I * I I & u -  c i  m i  3 1  gra7.7ity m i c ~ i ~ n  np+_Fnn iS being 
cons idered  f o r  t h e  proposed second Skylab. The a r t i f i c i a l  g 
f i e l d  is t o  be obta ined  by sp inning  t h e  v e h i c l e  about i t s  m a s s  
c e n t e r .  Assuming t h a t  t h e  p l ana r  so la r  a r r a y s  are, as i n  t h e  
f i r s t  Skylab, pe rpend icu la r  t o  t h e  v e h i c l e  z-axis  (See F igure  
l), it i s  then  desirable t h a t  t h e  v e h i c l e  z -ax is  be t h e  s p i n  
a x i s  and t h a t  it be a l i g n e d  p a r a l l e l  t o  t h e  s o l a r  vec to r .  A 

r e c e n t  s tudy  (') has shown t h a t  du r ing  s p i n  up and c o n s t a n t  
r o t a t i o n ,  it i s  n o t  p o s s i b l e  t o  a l i g n  t h e  z-axis  t o  w i t h i n  
some s m a l l  angle  ( % S o )  of t h e  solar  v e c t o r  w i thou t  mod i f i ca t ion  
t o  t h e  p r e s e n t  Skylab conf igu ra t ion .  The u s e  of b a l l a s t  on 
deployable  beams i s  one suggested method f o r  improving m a s s  
p r o p e r t i e s  so t h a t  alignment can be he ld  w i t h i n  l i m i t s .  
However, dynamic s imula t ions  of spin-up revealed t h a t  deforma- 
t i o n s  of t h e  b a l l a s t  beams became l a r g e  enough t o  cause  
s t r u c t u r a l  i n s t a b i l i t y .  

(1) 

P o t e n t i a l  sou rces  of i n s t a b i l i t y  a r i se  i n  both  s t eady  
and non-steady r o t a t i o n .  This memorandum examines t h e  case of 
s t e a d y  r o t a t i o n  and d e r i v e s  cond i t ions  on beam s t i f f n e s s  f o r  
s t a b i l i t y .  The non-steady r o t a t i o n  case i s  b r i e f l y  d i scussed .  

2.0 EQUATIONS O F  MOTION O F  FLEXIBLE BEAMS ON A S P I N N I N G  SPACECRAFT 

The a n a l y s i s  w i l l  be based on t h e  g e n e r a l  model shown 
i n  F igu re  2. The counterweights  ( b a l l a s t )  can be d i s p l a c e d  from 
t h e  mass c e n t e r  of t h e  s p a c e c r a f t  i n  t h r e e  d i r e c t i o n s  and it 
w i l l  be assumed t h a t  components of angular  v e l o c i t y  can e x i s t  
a long  a l l  three axes.  The mass p r o p e r t i e s  of  t h e  beams are 
i d e n t i c a l ;  t h e r e f o r e ,  due t o  symmetry, on ly  one of t h e  b a l l a s t  
beams need .be considered.  Since t h e  i n s t a b i l i t y  is  a s s o c i a t e d  
w i t h  f l e x u r a l  d e f l e c t i o n s ,  we need n o t  w r i t e  t h e  equa t ion  of 
motion i n  t h e  beam's a x i a l  (y )  d i r e c t i o n .  The f l e x u r a l  equa t ions  
of motion are adapted from more g e n e r a l  equa t ions  derived by 
Likens.  ( 2 )  The fol lowing q u a n t i t i e s  are def ined:  
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K 
XI z 

mb 

m cw 

- effective flexural stiffness coefficient 
in x, z direction 

- mass of beam 

- mass of counterweight 

r =E] - undeflected position vector from spacecraft 
center of mass to counterweight 

If it is assumed that the total mass of the spacecraft is much 
greater than the mass of the beam and counterweight, the 
resulting flexural equations for deflection of the counterweight 
in a torque free environment are 

+ [> - ( w  2+w ) qx = L [Y+qy1 - L [Z+q,] 
9, Y =  21 Z Y 
.. 
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and 

.. 
9, + [> - ( w  Y X  2+w 2 J q z  = iy[X+qx] - i,[Y+q Y 1 

+ w [24x - (Y+qy)wzl - w x [ 2 ; I y  + ( X + q x ) w z 1  + [ w x 2 + w  21z  ( 2 )  Y Y 

where t n e  mass terin m, 

33 
c w  + 140 mb m = m  

i s  t h e  e q u i v a l e n t  t i p  m a s s  f o r  a mass less  beam i n  f l e x u r e .  An 
obvious cause of l a r g e  d e f l e c t i o n s  i s  a large f o r c i n g  func t ion  
( r i g h t  hand s i d e  of equa t ions  (1) and ( 2 ) ) .  The m o r e  s u b t l e  forms 
of i n s t a b i l i t y  are: 

1) Steady s ta te ;  t h e  c o e f f i c i e n t  of  t h e  qx or q, t e r m  i n  
(1) and/or ( 2 )  goes t o  ze ro  i n d i c a t i n g  a zero r e s t o r i n g  
fo rce .  

2 )  Non-steady; t h e  t i m e  dependence of t h e  c o e f f i c i e n t s  of  
and q, can l ead  t o  i n s t a b i l i t i e s  ( l a r g e  d e f l e c t i o n s  

( 3 )  9, 
and subsequent  f a i l u r e ) .  

3 . 0  EFFECTIVE STIFFNESS COEFFICIENTS 

The s t i f f n e s s  c o e f f i c i e n t s ,  Kx and KZ, must p rope r ly  
t a k e  i n t o  account t h e  e f f e c t s  of a x i a l  ( t e n s i l e )  l oads  on t h e  
t r a n s v e r s e  d e f l e c t i o n s  of a beam. The a x i a l  l oads  are i n e r t i a  
l oads  due t o  t h e  sp inning  motion of t h e  s p a c e c r a f t  and a r e  
c e n t r i f u g a l  if t h e  angu la r  ra te  i s  cons t an t .  I t  i s  t h i s  e f f e c t  
which g i v e s  t h e  apparent  s t i f f n e s s  t o  a sp inning  s t r ing-mass 
system. I t  can be shown t h a t  for t h e  beam p i c t u r e d  i n  F igure  3 ,  
t h e  r e l a t i o n s h i p  between t r a n s v e r s e  load  P,  a x i a l  load  Q, and 
t r a n s v e r s e  d e f l e c t i o n  x i s  ( 4 )  
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u 
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w 
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I 
1 
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1 

1 where 

-4 -  

p 2  = Q/EI  

A good approximation t o  t h i s  formula i s  (5) 

=[T+q 3EI x 

= Kx. 

N o t e  t h a t  

i s  t h e  u s u a l  f l e x u r a l  s t i f f n e s s  c o e f f i c i e n t  fo r  a non-ro ta t ing  
c a n t i l e v e r  beam. 

4 . 0  TRANSVERSE. STEADY STATE DEFLECTIONS 

t h e  
veh 

The e x a c t  s o l u t i o n  of t h e  non-steady problem r e q u i r e s  
s o l u t i o n  of (1) and ( 2 )  coupled w i t h  an a n a l y s i s  of t o t a l  

i c l e  motion. This  s tudy  w i l l  concen t r a t e  on t h e  s t eady  s ta te  
i n s t a b i l i t y ;  some a s p e c t s  of t h e  non-steady problem w i l l  be d i s -  
cussed la te r .  The s t eady  s t a t e  d e f l e c t i o n s  of t h e  counterweight 
are f r o m  (1) and ( 2 )  

and 
L (ox +o ‘)Z - wxwz(X+q,) - w y z  w (Y+q ) - - -  N Z  [>-(., 2+u 213 DZ 

( 4 )  
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C l e a r l y ,  when t h e  denominators of ( 4 )  and ( 5 ) ,  Dx and/or D Z ,  

become ze ro ,  unbounded d e f l e c t i o n s  r e s u l t .  A nega t ive  denominator 
i n d i c a t e s  a r e s t o r i n g  force which augments ra ther  than  opposes 
d e f l e c t i o n ,  a l s o  a clear case of s t r u c t u r a l  i n s t a b i l i t y .  The 
s tudy  of  t h e  s t r u c t u r a l  i n s t a b i l i t y  of t h e  beam under s t e a d y  
s t a t e  c o n d i t i o n s  t h e r e f o r e  b o i l s  down t o  t h e  s tudy  of Dx and D Z .  

A s  noted i n  t h e  l a s t  s e c t i o n ,  t h e  e f f e c t i v e  beam s t i f f -  
n e s s  depends on t h e  a x i a l  load.  The a x i a l  load i n  t h e  beam due 
t o  i n e r t i a  e f f e c t s  can be found from 

7 
wxwyx J ) Y  - w w z - Q = m* [ ( a z  2 2  +ax 

Y Z  

where t h e  m a s s  term m*, 

m* = m + 1 / 2  mb , c w  

i 6  j 

i n c l u d e s  t h e  f r a c t i o n  of beam mass t o  be lumped wi th  t h e  counter-  
weight.  Noting from Figure  2 t h a t  t h e  l eng th  of  t h e  beam i s  
L=Y, it follows from (3 )  and ( 6 )  t h a t  

3 The t e r m  3EI/Y m corresponds t o  t h e  square  of t h e  f i r s t  c i r c u l a r  
f requency of a l i k e  c a n t i l e v e r e d  beam i n  a non-ro ta t ing  environ- 
ment; t h a t  i s  

n Y m  

Combining ( 7 )  and ( 8 )  wi th  ( 4 )  and (5 )  g i v e s  

(10) Y 
and D Z  - - w 2 + m* - pz 

n m 
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As s ta ted  i n  t h e  in t roduc t ion ,  t h e  z -ax i s  i s  t h e  
desired s p i n  a x i s ,  b u t  it i s  known t h a t  s tab le  s t eady  r o t a t i o n  
is  p o s s i b l e  only i f  t h e  r o t a t i o n  a x i s  i s  t h e  a x i s  of  maximum 
moment of i n e r t i a  (see Reference 1). The purpose of t h e  beam 
and counterweights  i s  i n  f a c t  t o  a l i g n  t h i s  p r i n c i p a l  a x i s  w i t h  
t h e  z-axis .  But given imperfect  a l ignment ,  there w i l l  be s o m e  
c o n s t a n t  components of angular  v e l o c i t y  a long t h e  x and y axes.  
I t  i s  convenient  t o  w r i t e  

w =  a w  X z 

and w = B w z  
Y 

where 
-1.0 < a,B < 1.0 - - 

Equat ions ( 9 )  and ( 1 0 )  can t h e n  be w r i t t e n  

An estimate of t h e  r e q u i r e d  b a l l a s t  beam n a t u r a l  frequency can 
be  ob ta ined  from (11) or  (12 )  by no t ing  t h a t  i n  o r d e r  t o  s a t i s f y  

and 
> o  DZ 

w e  must have 

m*Z m*X m* (l+a 2]1’2 1 ( 1 3 )  n 
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The expres$ ion  y i e l d i n g  t h e  h i g h e s t  va lue  of w n  sets t h e  l i m i t ;  
s i n c e  it i s  n o t  expected t h a t  ci w i l l  ever approach u n i t y ,  equat ion  
(13) w i l l  p rovide  t h e  l i m i t i n g  value.  A ze ro  o r  imaginary va lue  
f o r  r equ i r ed  n a t u r a l  frequency i n d i c a t e s  t h a t  c e n t r i f u g a l  f o r c e  
alone i s  s u f f i c i e n t  f o r  providing r e s t o r i n g  f o r c e s .  

5.0 SOME GENERAL RESULTS 

A few g e n e r a l  conclusions can be drawn from equa t ion  (13). 
F i r s t ,  s i n c e  m* > m, it fo l lows  t h a t  i f  B = 0 ( m y  = 0 ) ,  no 
i n h e r e n t  s t i f f n e s s  i s  r equ i r ed  t o  provide  bounded deformations.  
Reduction of o f f - s e t  mounting p o s i t i o n s  2 and X reduce s t r u c t u r a l  
requirements  f o r  t h e  beam. I f  t h e  X o f f - s e t  d i s t a n c e  i s  e l imina ted ,  
t h e  r e q u i r e d  s t i f f n e s s  is  independent of t h e  s i g n  of a. F i n a l l y  
no te  t h a t  wi th  X = 0 ,  i nc reas ing  
r equ i r ed  s t i f f n e s s ;  however, t h i s  i s  undes i r ab le  from t h e  a t t i t u d e  
p o i n t  of v i e w  s i n c e  i n c r e a s i n g  la1 means i n c r e a s i n g  lux(. 

reduces r equ i r ed  on and hence, 

6 .0  NUMERICAL RESULTS 

Dynamic s imula t ions  of Skylab spin-up wi th  b a l l a s t  
beams have been conducted a t  Bellcomm. The b a l l a s t  beam config-  
u r a t i o n  used  i n  t h e s e  s t u d i e s  h a s  t h e  fo l lowing  p r o p e r t i e s :  

m = 6 s lugs ,  

m = 10 s l u g s ,  

x = 0 ,  

b 

c w  

Y = 1 0 0  f t ,  

and z = 1 0  f t .  

The cross s e c t i o n  p r o p e r t i e s  of t h e  beam are t h o s e  of  a 
d e  Havi l land  STEM (6) 
a 5 inch  d iameter ,  0.025 inch w a l l  and a 43% over lap .  
The f l e x u r a l  r i g i d i t y  for  such a beam i s  

(S to rab le  Tubular Ex tend ib le  Member) w i t h  

6 6 2 
E 1  = (29 .  x 1 0  ) (1.755) lb- in2  = 50.891 x 1 0  lb - in  
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From ( 8 ) ,  t h e  n a t u r a l  c a n t i l e v e r  frequency of t h i s  b a l l a s t  
beam system i s  computed t o  be 

w = 0 .093  rad/sec = 0.015 cps n 

Based on t h i s  va lue  of w n ,  w e  can compute r a t i o s  of un/wz f o r  
t h r e e  p o s s i b l e  va lues  of t h e  sp in  frequency; uz = 4 ,  6 and 8 RPM. 

These r a t io s  are p l o t t e d  as h o r i z o n t a l  l i n e s  on F igure  4 .  I n  
a d d i t i o n ,  Fig.  4 c:oiitains G p l o t  of the r equ i r ed  r a t i o  of wn/w7 

f o r  bounded d e f l e c t i o n s  v e r s u s  va lues  of t h e  parameters  a and B .  
A t  8 RPM, t h e  beam used i n  t h e  Skylab s tudy  w i l l  r each  s t r u c t u r a l  
i n s t a b i l i t y  under s teady  r o t a t i o n  i f  B exceeds 0.3,  wi th  cx = 0. 
A f3 of 0 . 3  i s  equ iva len t  t o  a 1 7 O  offse t  of t h e  a x i s  of maximum 
moment of i n e r t i a  from t h e  geometr ic  Z-axis i n  t h e  Y-Z p lane .  
However, it i s  expected t h a t  t h e  beams and counterweights  w i l l  
l i m i t  t h i s  o f f s e t  t o  less than  5 O .  Therefore  t h e  c r o s s  s e c t i o n  
p r o p e r t i e s  used are s a t i s f a c t o r y  f o r  s t eady  r o t a t i o n .  

A. I 

7 . 0  NON-STEADY ROTATION 

The a n a l y s i s  so  f a r  has n o t  accounted f o r  t h e  e f f e c t s  
of variable angular  v e l o c i t y  components. Non-steady r o t a t i o n  
w i l l  occur  du r ing  spin-up, and if t h e  v e h i c l e  undergoes wobble. 
I t  i s  recalled from (1) and ( 2 )  t h a t  

.. 
qx + nx( t )q ,  = f x  

and 

where 

n x ( t )  = - Kx m - ( w y  * + w z  2, 

and 2 2  
(wx + w  ) n z ( t )  = - - KZ 

m Y 
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I n  t h e  non-steady case, t h e  coe f f i c i en t s  Ox and O Z  are t i m e  
dependent. 
i n  i-iX and R Z  can l e a d  t o  unbounded de f l ec t ions .  The exac t  
n a t u r e  of t h e  t i m e  dependence of R 
s o l u t i o n  of the coupled ba l l a s t  beam-vehicle system of 
equat ions .  

I t  i s  w e l l  known t h a t  simple p e r i o d i c  v a r i a t i o n s  

and R Z  r e q u i r e s  t h e  
X 

An a l t e r n a t i v e  approach which avoids  t h e  n e c e s s i t y  
of in t roduc ing  the  v e h i c l e  equat ions  would be fo o b t a i n ,  from 
e x i s t i n g  s imula t ions ,  t i m e  h i s t o r i e s  of w and w .  
case ,  t hese  w a i l 2 1  depznc! 011 t h e  t h r u s t e r  pu l s ing .  These 
h i s to r i e s  can be in t roduced  i n t o  equa t ions  (15)  and ( 1 6 )  and 
s o l u t i o n s  obta ined  through computer s imula t ions  employing t h e  
Continuous System Simulat ion Language (CSSL) . S o m e  g e n e r a l  
r e s u l t s  might be ob ta ined  from basic theorems on c o n d i t i o n s  fo r  
s t a b i l i t y  of equa t ions  of t h e  type  i n  (15) and ( 1 6 ) .  (5) 
s tudy  i n  t h i s  d i r e c t i o n  i s  planned. 

I n  t h e  spin-up 

F u r t h e r  

S t r u c t u r a l  and v iscous  damping have n o t  been inc luded  
i n  t h e  a n a l y s i s  f o r  reasons of s i m p l i c i t y .  In t roducing  v i scous  
damping i n t o  t h e  b a l l a s t  beam system i s  a p o s s i b l e  method of 

( 6 )  i n c r e a s i n g  r eg ions  of s t a b i l i t y .  Based on a v a i l a b l e  data  , 
it does n o t  appear t h a t  STEM s t r u c t u r a l  damping a lone  w i l l  be 
s u f f i c i e n t .  

8.0 SUMMARY 

The form of equat ions (1) and ( 2 )  f o r  d e f l e c t i o n  of 
the b a l l a s t  beams i d e n t i f y  the  c o e f f i c i e n t  of  t h e  displacement  
t e r m  as the cause of a p o s s i b l e  s t r u c t u r a l  i n s t a b i l i t y  (unbounded 
d e f l e c t i o n s ) .  This  c o e f f i c i e n t  determines t h e  character of t h e  
r e s t o r i n g  force and zero ,  nega t ive ,  and ce r t a in  t i m e  va ry ing  
r e s t o r i n g  forces r e s u l t  i n  i n s t a b i l i t i e s .  

There are s e v e r a l  cases  f o r  which s t a b i l i t y  of 
ba l las t  beam d e f l e c t i o n s  should be analyzed. T h e  case of 
s t e a d y  s t a t e  r o t a t i o n  has  been analyzed h e r e  and w e  can conclude 
fo r  t h e  Skylab c o n f i g u r a t i o n  t h a t  i n s t a b i l i t y  w i l l  n o t  arise. 
Steady r o t a t i o n  does n o t  impose any requirement  on beam s t i f f -  
n e s s  when the  s p i n  a x i s  and geometric z -ax is  are w i t h i n  5O. 

spin-up, r e q u i r e  the  s o l u t i o n  o f  equa t ions  (1) and ( 2 )  coupled 
w i t h  v e h i c l e  equa t ions  t o  o b t a i n  t h e  m o s t  a ccu ra t e  estimate of 
r e q u i r e d  s t i f f n e s s .  
n e s s  can probably be obtained by employing r i g i d  body vehicle 
rates as i n p u t  i n t o  the  b a l l a s t  beam equat ions .  I t  seems 

Cases of non-steady r o t a t i o n ,  i nc lud ing  wobble and 

However, good estimates of r e q u i r e d  s t i f f -  
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r easonab le  t o  expec t  t h a t  f o r  very low wobble rates or sp in-  
up rates,  s t a b i l i t y  boundaries  f o r  t h e s e  cases of  non-steady 
ro t a t ion  should no t  d i f fe r  g r e a t l y  from t h e  boundaries  f o r  
s t e a d y  r o t a t i o n  i n  F igure  4 .  Future a n a l y s i s  w i l l  determine 
t h e  importance of  t h e  non-steady cond i t ions  of spin-up and 
wobble i n  imposing s t i f f n e s s  requirements .  

-- 

10 2 2 - RJR-c f R. J. Ravera 

Attachments 
n- a=-...-* ,.ac nc I G A A -- u 
Figures  1 - 4  
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FIGURE 1 - SKYLAB CONFIGURATION 
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FIGURE 2 -VEHICLE- BALLAST BEAM CONFIGURATION I 
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FIGURE 3 -AXIAL AND TRANSVERSE LOADS ON CANTILEVER BEAM 
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FIGURE 4 - REQUIRED BEAM NATURAL FREQUENCY FOR STEADY -STATE ROTATION 


